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Abstract. Some simple molecules in comet comae like CO, C2,
C3, CN, H2CO appear to be distributed in such a way that they
are neither directly emitted from the nucleus surface nor created
as daughter molecules from more complex gas phase species.
The only remaining possible source is the organic component
in comet dust. The requirements imposed on the comet dust
grains by the distributed CO emission are that they be heated
sufficiently to evaporate a large fraction of the more volatile
fraction of the complex organic refractory molecules and that a
large fraction of these contain CO groups. Inferring the dust/gas
ratio within the mass limits from the comet dust size (mass) dis-
tribution obtained by the Giotto spacecraft for comet Halley, and
assuming that the refractory organics remaining on the silicate
cores are the heating agent by solar radiation in fluffy aggre-
gates of interstellar core-mantle particles, the upper limits of
the total amount of CO provided by dust can be approximately
determined as a function of porosity. The resulting maximum
CO production rate predicted by the comet dust model is sig-
nificantly less than the observed distributed CO abundance. A
possible solution lies in the fact that the dust to gas ratio has been
underestimated in the dust size distribution employed here, by
neglecting efficient dust fragmentation and sublimation in the
innermost coma. On the other hand, it may not be impossible that
the extended CO abundance was overestimated due to the cross-
ing of dust jets, the time variation of the comet nucleus activity,
and the anisotropic outgassing nature of the nucleus. At this
point we can certainly say that, in order to obtain the observed
distributed CO production rate from comet dust, it requires not
only the organic refractory mantles and very high porosity, but
also it seems that more heatable dust must be available than has
been deduced from the space observation.
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1. Introduction
When a comet approaches the Sun its volatile constituents are
evaporated from the nucleus and move outward into the coma.
The water group ions are by far the most abundant in the coma
and it is generally believed that the source of H2O is primar-
ily the consequence of a direct outflow from the nucleus. An
exception to this is that at large heliocentric distances prior
to perihelion the H2O source may be attributed to icy grains
where the cometary activity is governed by the sublimation of
molecules more volatile than H2O. On the other hand, the radial
distribution of many of the other molecular components of the
coma, of which CO is the most abundant, indicates an extended
source as well; i.e., the CO is produced not only directly from
the nucleus but also from material which is moving outward
from the nucleus. Eberhardt et al. (1987), using a spherically
symmetric extended source function suggested that the nucleus
rate of production of CO as a parent molecule in comet Hal-
ley was, relative to H2O, n(CO)/n(H2O) ≤ 0.07. They found
that rather than falling off as 1/R2, the CO intensity shows an
approximately exponential growth up to about 20000 km. The
total derived production rate was Q(CO)/Q(H2O) ≤ 0.15 from
which it may be inferred that the extended source must account
for Q
′
(CO)/Q(H2O) ≤ 0.08. Eberhardt et al. (1987) specu-
lated that the most likely extended source of the CO was some
molecule evaporated from the organic component of the comet
dust. Other molecules, like C2, C3, CN, H2CO (Clairemidi et al.
1990; A’Hearn et al. 1986a, 1986b; Meier et al. 1993; Klavetter
& A’Hearn 1994) in comet Halley and probably H2CO in some
other comets (e.g., Bockelée-Morvan & Crovisier 1992; Colom
et al. 1992) also exhibit extended source distributions and are
more than likely attributed as well to the organic fraction of the
comet dust (Greenberg 1982a; Greenberg & Hage 1990).
Samarasinha & Belton (1994) have proposed an alternative
description of the extended source distribution. Their descrip-
tion in terms of an extended collimated jet source originating in
a vent rather than a spherically symmetric source leads to the
suggestion that while only 1/3 of the CO is directly sublimated
from the nucleus this leaves about 2/3 to be accounted for by the
“effective” extended source function. They then conclude that
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about 50% of this 2/3 “may be formed via photolysis of H2CO
while the rest (our italics) can be due to CO trapped in grain
mantles and other C=O bearing molecules”. The question may
be asked about what is the distributed source of H2CO as well as
the C=O bearing molecules? It appears that even if one attributes
a significant fraction of the extended CO distribution to a colli-
mation effect there still remains at least 1/3 to be accounted for
as coming from the grain mantles; i.e., Q
′
(CO)/Q(H2O)≤ 0.05.
The simulation by Samarasinha & Belton (1994) gave CO
outflow velocities which appear to be incompatible with the ter-
minal velocities of large dust grains (Finson & Probstein 1968).
However, if the dust grains are fluffy aggregates of interstellar
dust particles as proposed by Greenberg & Hage (1990), their
densities are such that the terminal velocities of a much larger
fraction of the comet dust grain velocities are the same as that of
the 0.1µm grains in the Finson & Probstein (1968) model which
was stated as defining the largest mass for the terminal dust ve-
locity. The density of the fluffy comet dust model required to
provide the infrared emission is ρ ≤ 0.1 g cm−3. At this density
an area to mass ratio comparable to that for the 0.1 µm compact
particles is achieved for masses ∼ 103 times larger than that
of 0.1 µm compact dust grains. Thus a much larger fraction of
the McDonnell size distribution (McDonnell et al. 1991) may
be considered as a source of the extended molecule distribution.
But is even this large enough? The limit for ρ = 0.1 g cm−3 mass
is still only 10−11 g.
The framework of the fluffy aggregate comet model is that
comets are formed at very low temperature by aggregation of in-
terstellar silicate core-organic refractory mantle particles with
initial outer mantles of ices (Greenberg 1982b; Greenberg &
Hage 1990). One of the observational supports of the model
is that the in situ mass spectra of Halley dust with high dy-
namic range show that, except for the very small (attogram)
grains (Utterback & Kissel 1990), neither pure organic (so-
called “CHON”) nor pure silicate particles exist; instead, they
are intimately mixed on a very fine scale in such a manner that
they form the subunits with a core-mantle structure in the ag-
gregates (Lawler & Brownlee 1992) as additionally reflected
by the time-delay phenomenon in measuring the mass spec-
tra (Kissel et al. 1986). An additional criterion required for the
organic mantles of the interstellar dust in the comet dust aggre-
gates is that the comet dust becomes hot enough to evaporate
a significant portion of C=O bearing molecules. It was shown
(Greenberg & Hage 1990; Greenberg & Shalabiea 1994; Green-
berg & Li 1997) that to account for even Q
′
(CO)/Q(H2O) = 0.03
may put further limitations on the density of comet dust than in-
ferred from infrared emissivities. These calculations were only
preliminary. We shall here attempt to put the result into much
more quantitative terms. This will require more detailed calcula-
tions of the temperatures of comet dust as a function of porosity
(density).
In Sect. 2 we illustrate the chemical composition of the or-
ganic refractory materials with emphasis on their potentiality
as a CO source. The comet dust temperatures are calculated in
Sect. 3 as a function of grain size (mass), porosity and the thick-
ness of organic mantle. In Sect. 4 the volatility of the organics
containing CO groups is then used as a basis for providing upper
size limits and lower porosity limits on the comet dust aggre-
gates required to evaporate the organic mantle molecules in a
manner consistent with the detected CO radial profile and in
sufficient abundance with respect to H2O. The possibility of the
overestimation of the observed CO abundance in comet Halley
is also discussed. The organic dust components as a source for
other gas molecules such as C2, C3, CN etc. are briefly investi-
gated in Sect. 5. Sect. 6 presents the conclusions.
2. Chemical composition of the interstellar organic refrac-
tory materials
It is now well established that, where volatile dust mantles like
H2O are not observed, as in the diffuse clouds, there is an equally
ubiquitous solid organic material, mantling the silicate which is
observed via its 3.4µm absorption characteristic of CH stretches
in CH2 and CH3 groups (Pendleton et al. 1994). The observa-
tional sources of information on the cometary organic refractory
dust component are the mass spectrometry (Kissel & Krueger
1987). On the other hand chemical analysis and infrared spec-
tra of laboratory organics are the most directly available. Before
the interstellar dust aggregates into cometesimals it has an outer
mantle of volatile ices with H2O and CO being the dominant
components (Greenberg 1982b). These outer mantle volatiles
constitute the source of the direct nucleus emissions of H2O
and CO and will not primarily concern us here. What does con-
cern us is the chemical composition of the nonvolatile organics
and how their chemical components can react within the comet
dust to provide a source of distributed CO molecules as the dust
is heated.
In this work, the chemical characteristics of the labora-
tory organics – the residues of the photolysis of H2O : CO
: NH3 = 5:5:1 mixtures at 10 K (Briggs et al. 1992) are
taken as a first approximation to interstellar organic man-
tles (“first generation” organic refractory). The gas chro-
matograph mass spectrometer (GCMS) analysis of the solu-
ble component shows that it consists in part of many pre-
biotically significant molecules, the most abundant having
been determined to be approximately 7% ethylene glycol
(HOCH2CH2OH), 30% glycolic acid (HOCH2CO2H), 21% 2-
hydroxyacetimide (HCCH2CONH2), 3% urea (NH2 CONH2),
6% glycerol (HOCH2 CH(OH)CH2OH), 7% glyceric acid
(HOCH2 CH(OH)CO2H), and 19% glyceramide (HOCH2
CH(OH)CONH2). Mass spectroscopic analysis of a residue
has revealed masses up to ∼ 1000 and identifications of both
aliphatic and aromatic hydrocarbons have been obtained. Such
masses appear to be present in all residues of similar mixtures.
These results indicate the presence of highly unsaturated, aro-
matic hydrocarbons. This agrees qualitatively with what has
been found for meteoritic material (Grady et al. 1983; Gilmour
& Pillinger 1985) and cometary material (Kissel & Krueger
1987; Mukhin et al. 1989). The most refractory part of the
organic residue material consists of relatively high molecular
weight (≥ 400 AMU) polymers, which have not yet been com-
pletely characterized.
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The volatile part has also been studied by means of a gas
collector (Mendoza-Gómez 1992). After the initial gas mixture
(H2O : CO : NH3 = 5:5:1) was irradiated at 12 K, the sample
was slowly warmed up, and the material coming off was trapped
with a gas collector between given temperatures. It is interest-
ing to note how little nitrogen is contained in the intermediate
masses shown here compared with the compounds discussed
earlier (Briggs et al. 1992). Coincidentally, nitrogen appears to
be underabundant in comet volatiles (Wyckoff et al. 1991) and
may possibly be embedded in the highly polymerized fraction
which in our residue has not yet been analyzed. These results
are consistent with comet origins as being the interstellar dust.
Comparison with comet Halley data shows a wide range of
correspondences but the data is still incomplete. One basis for
comparison can be made using the relative atomic compositions.
This is being studied now both for the laboratory residues and
the space irradiated residues discussed later in this section. A
preliminary estimate of the relative atomic composition of the
various laboratory residues of H2O : CO : NH3 = 5:5:1 is as
follows:
1) Products evaporated and collected at 100K < T < 300K
(Greenberg et al. 1993; Mendoza-Gómez 1992) — C : O : N :
H = 1 : 1.2 : 0.03 : 1.4;
2) Organic residue material remaining at room temperature
and analyzed by GCMS (Briggs et al. 1992) — C : O : N : H =
1 : 1.06 : 0.1 : 2.2;
3) Organic residue remaining at room temperature analyzed
by mass spectroscopy [relatively more refractory than portion
(2)] (Greenberg et al. 1993; Mendoza-Gómez 1992) — C : O :
N : H = 1 : 0.06 : 0.001 : 1.1;
4) Unanalyzed organic residue (estimates based on the over-
all structure of the background mass spectra) — C : O : N : H
= 1 : 0.06 : >0.001 : 1.1.
There have been no precise measurements of the relative
amount of products 1, 2 and 3 but estimates have been made.
From the surface appearance of the cold finger on which the
residues have been created and which remain after various stages
in the analysis procedures we have assumed roughly equal
amounts of (1) and (2), and of (3) and (4). The molecules in
(1) may be labeled as volatile (V) with respect to the temper-
atures at which Halley material was measured at about 1 AU;
i.e., the dust at 1 AU has a temperature well above 300 K. Some
of the organic residue molecules in (2) sublimate at temper-
atures ≥ 350 − 400 K which is required for them to be the
possible sources of some of the CO in comet Halley as well as
other molecules like C2 and CN (Greenberg & Shalabiea 1994;
Greenberg & Hage 1990; Greenberg, Singh & Almeida 1993).
Some would remain solid at even higher temperatures (Sand-
ford et al. 1991). At least approximately 1/2 of the mass of the
molecules in (2) are required to provide the distributed source
of CO in the comet Halley coma (Greenberg & Shalabiea 1994;
Greenberg & Hage 1990). On this basis we assign 1/2 of (2) to
the volatile category (V) and 1/2 to the refractory (R) category.
The total volatile component is then estimated to be (1) + 1/2 (2)
and the total refractory component is 1/2 (2) + (3) + (4). These
approximations lead to V: C:O:N:H = 1:1.2:0.05:1.7 and R:
C:O:N:H = 1:0.6:>0.01:1.28. The total relative composition us-
ing equal masses of V and R as implied by Halley mass spectra
is (V+R) = 1: 0.91: 0.03: 1.49. According to Krueger (private
communication, based on Krueger & Kissel 1987) the stoichio-
metric distribution of elements in comet Halley mass spectra
are as follow: dust = C:O:N:H' 1:0.5:0.04:1 and PICCA gas =
C:O:N:H' 1:0.8:0.04:1.5 and, assuming equal amounts of gas
and dust gives a total for the organics C:O:N:H = 1:0.6:0.04:1.2.
It should be noted that the relative abundances for comet Halley
dust are for the organics alone so that they are not to be directly
compared with those in Jessberger & Kissel (1991) which in-
clude the silicates as well.
The comparison between the laboratory and comet Halley
complex organics in terms of stoichiometric ratio is well within
the expected errors described by Krueger (private communica-
tion) and Krueger & Kissel (1987). We have not yet answered
the question of where the missing nitrogen is to be found but
the overall consistency is reasonable. The 3.4 µm features in
the infrared spectra of “first generation” laboratory residues al-
though they bear a reasonably close resemblance to those of the
interstellar dust, have not provided a really good fit (Pendle-
ton et al. 1994). However, infrared spectra have been taken of
laboratory residues exposed to long term solar ultraviolet irra-
diation equivalent to∼ 106− 107 years in diffuse clouds where
the volatile molecules are absent from the grain mantles. It is
worthwhile noting that not only do their spectra more closely
resemble those of interstellar dust in the 3.4 µm region than
any other laboratory analogue refractory, but also their over-
all spectra bear a remarkably close resemblance to that of the
organic component of the Murchison meteorite (Greenberg et
al. 1995). As far as the 3.4 µm emission feature of comets is
concerned, we should note that there is some controversy as to
whether or how much is due to the organic refractory mantles
or to gas phase molecules, e.g. methanol (Mumma et al. 1993;
Bockelée-Morvan, Brooke & Crovisier 1995).
Adding up all the possible CO groups in the GCMS analyzed
molecules gives a fraction by mass of∼ 0.16 of that component
of the organic refractory. These compounds would be expected
to have higher vapor pressures than the polymeric component.
Whether the CO results from pyrolysis or photodissociation of
the individual molecules is not considered here – only the maxi-
mum available CO. According to Kissel & Krueger (1987) only
about 1/2 of the original comet organic refractory remains as
a solid fraction of the comet dust, the rest appearing as part
of the volatile coma molecules. For the dominant source of
the distributed CO we shall estimate the lowest temperature
at which the GCMS compounds evaporate and thus place some
constraints on the properties of the comet dust aggregates.
3. The comet dust temperatures
The temperature of the aggregated comet dust is a critical pa-
rameter for the determination of the CO emission rate. Follow-
ing Greenberg & Hage (1990) we shall assume that dust which
comes off the comet consists initially of aggregates of tenth
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micron silicate core-organic refractory mantle interstellar dust
grains from which the outer mantle of volatile components has
evaporated. The temperature Tcd of comet dust with a size a
was calculated on the basis of the dust energy balance between
absorption and emission as following,
∞∫
0
πa2Qabs(a, λ)R(r, λ)dλ =
∞∫
0
πa2Qabs(a, λ)4π B(Tcd, λ)dλ
(1)
where R(r, λ) is the solar radiation field where the comet is
located (r); B(Tcd, λ) is the Planck function; Qabs(a, λ) is the
absorption efficiency which was obtained from Mie theory, as-
suming both the fluffy aggregates and the individual particles in
the aggregates are spherical. We adopted the optical constants of
interstellar silicates and organic refractories summarized in Li &
Greenberg (1997). The composition of the interstellar silicates
has been conjectured as most likely being that of an amorphous
olivine MgFeSiO4 (see Greenberg & Li 1996). We should note
here the presence of the crystalline silicate component in comet
dust. The crystalline silicate emission spectra have been de-
tected in some comets (see Hanner et al. 1994 for a summary)
including comet Halley and the recent exciting comet Hale-
Bopp (Crovisier et al. 1997). Where and how the crystalline
silicates are formed is not yet known but it seems to us that
it is more than likely that the crystallization process occurred
after comet formation and probably not until the comet dust is
heated by the Sun (Greenberg et al. 1996). Although consider-
able work remains to be done on this subject we shall assume
that the optical properties of amorphous olivine are of sufficient
accuracy for the purpose of this work – calculating the comet
dust temperatures.
The Maxwell-Garnett effective medium theory (Bohren &
Huffman 1983) was applied twice to calculate the effective di-
electric function first of the individual core-mantle particles and
then of the aggregates (Greenberg & Hage 1990). Note, in ad-
dition to emission, evaporation also causes dust grains to lose
energy. However, at ∼ 1 AU, the evaporative cooling rate is
much smaller than the radiative cooling rate (Lamy & Perrin
1988) therefore the evaporation term is not included in Eq. 1.
Since the relatively more volatile fraction of the organics can
no longer contribute to the dust mass or to the dust heating
we shall consider a range of possible ratios of organic (or) to
silicate (si) masses with the minimum being mor/msi = 0 (pure
silicates) and the maximum being 1. These results are presented
Fig. 1 for a number of different porosities. It is apparent that the
grain temperature increases with increasing porosity, and with
decreasing size. The dust grains become hotter as the organic
refractory mantles become thicker.
For the size distribution of the comet dust we use that of
McDonnell et al. (1991) as a starting point. However, it is im-
portant to keep in mind that the McDonnell size distribution
was derived on the basis of an extrapolation of the spacecraft
measurements which were available from 2×105 km to 600 km
away from the nucleus. With the neglect of dust fragmentation,
the extrapolation to the nucleus surface by McDonnell et al.
(1991) may result in an underestimation of the weight of larger
dust grains and thereby an underestimation of the total dust mass
in the inner coma region. The effect could be significant, if it is
true, as argued by various authors that, the fragmentation pro-
cesses are most efficient in the innermost coma (Keller et al.
1990; Konno et al. 1993; Goidet-Devel et al. 1997). Such effect
will ultimately be taken into account.
4. The nature of the distributed CO source
Up to now we have described the relevant characteristics of
comet dust as a potential source for the extended CO. In this
section we are going to account for the in situ CO data quan-
titatively or semi-quantitatively and thus place constraints on
the nature of comet dust. It is organized as following: we first
revisit the Giotto NMS CO intensity (spatial) profile (Eberhardt
et al. 1987) and rederive a source strength profile from which
the scale length of the source will be obtained; we then ap-
proximately calculate the corresponding critical temperatures
at which the comet dust aggregates satisfy the scale length and
thus the source strength profile condition. Comparing the critical
temperatures with the calculated dust temperatures (see Sect. 3),
we can constrain the upper limits of the sizes (masses) and the
lower limits of the porosities of the comet dust particles whose
temperatures are still higher than the critical temperatures so
that they can still act as a source for the extended CO. Finally,
we estimate the upper limit of the total amount of CO which can
be provided by dust and discuss its implications. For simplicity,
we first only consider dust with equal mass for the silicate core
and the organic refractory mantle. The effects caused by varying
mantle thickness will be discussed later.
4.1. The strength profile of the extended CO source
The in situ radial profile of the CO intensity multiplied by the
square of the radial distance from the nucleus (R) detected by
the Giotto NMS (Eberhardt et al. 1987) apparently shows an
almost linear increase from 103 km, the closest distance where
the NMS detection was available, up to∼ 13500 km, a distance
where the intensity times R2 reaches its maximum and becomes
almost constant beyond that point. The presence of an extended
source is obvious. To a good approximation, we represent the
observation of Eberhardt et al. (1987) by two linear functions,
as plotted in Fig. 2a, they are well within the observational un-
certainties. With the assumption of spherically symmetrical out-
flow, we then convert the intensity profile into the CO produc-
tion rate (relative to H2O) Q(CO,R)/Q(H2O), adopting a scale
length of 7.5× 105 km, 3.9× 104 km for CO, H2O respectively.
The radial CO production rate profile, as presented in Fig. 2b,
shows that the total CO production rate Q(CO)/Q(H2O) is about
15%, with≈ 6% from the direct sublimation of volatiles in the
nucleus, leaving ≈ 9% attributed to the extended source. The
strength of the extended CO source, as derived from the pro-
duction rate profile and depicted in Fig. 2c, is similar to the one
obtained by Eberhardt et al. (1987), except the source strength
profile peaks at∼ 6000 km in this work rather than∼ 9000 km
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Fig. 1. Temperatures of porous aggre-
gates of tenth micron silicate core- or-
ganic refractory mantle particles as a
function of porosity at 1 AU. The lines in
each set correspond to (from top down-
ward) 10−12 g, 10−11 g, 10−10 g, 10−9 g,
10−8 g, 10−7 g, 10−6 g.
in Eberhardt et al. (1987). This is mostly due to the different
saturation positions adopted (∼ 13500 km in this work, rather
than ∼ 20000 km in Eberhardt et al. 1987). As will be shown
later, the effects on the final results caused by this difference are
minor.
The behavior of the strength profile can be well understood
in terms of the evaporation of dust grains. The first increase may
result from the sequential fragmentation of the original larger
dust grains lifted off the nucleus. The fragmentation leads to an
increase of the amount of smaller particles which can be heated
sufficiently to sublimate and thus produce CO. Since the total
amount of larger dust particles and their CO compounds are not
infinite, the presence of a maximum CO source strength is ex-
pected at a certain position of the coma, after which a decrease
occurs due to the gradual depletion of larger grains and the de-
pletion of the CO containing compounds, and finally the CO
source goes bankrupt. It is interesting to note that the position
where the source strength peaks is almost identical to the po-
sition where the dust fragmentation ends (Goidet-Devel et al.
1997). However, it is more likely that the fragmentation occurs
mainly in the innermost coma. The actual scale length of the
extended CO source should be determined by the combination
of the fragmentation time scale together with the dust evapora-
tion rate and the photodissociation rate of the parent molecules
of CO. A discussion of this in detail is beyond the scope of this
article. As a first approximation, it is reasonable to assume a
scale length of ≈ 13500 km for the extended CO source from
the CO intensity profile and from the radial distribution profile
of the CO production rate.
4.2. The critical temperatures of comet dust
The scale length of the extended CO source implies that the
dust grains which make a contribution to the distributed CO
have already offered all of their CO and/or CO containing parent
molecules within a distance R away from the nucleus smaller
than the scale length, i.e., R≤ 13500 km. Since the distributed
CO is dominantly contributed by the relatively volatile fraction
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Fig. 2. The source of the extended CO molecule. a: The CO intensity
times the square of the distance from the nucleus is shown as a function
of the distance. The observational data of Eberhardt et al. (1987) are
approximated by two linear functions here. b: The CO production rate
relative to H2O (in per cent). c: The radial profile of the extended CO
source strength (in arbitrary units).
of the organic refractory mantle, as discussed in Sect. 2, we can
assume that the CO contributing dust grains lose their volatile
organic mantle within the scale length of the CO source. This
requires that these grains should be heated sufficiently so as
to be hot enough and evaporate rapidly enough. Since the dust
temperatures are a function of size and porosity, as illustrated in
Fig. 1, it is obvious that, within a dust size distribution, only the
smaller size portion is able to meet the requirements. In order to
obtain the total amount of CO which can be provided by comet
dust it is necessary to determine the maximum size (mass, mCOmax)
of dust which still can evaporate its volatile organic refractory
mantle within the scale length. Thus we need to calculate the
“critical temperature” of dust with a certain size (mass) and
porosity – the lowest temperature at which the dust is still able
to do such a job. For convenience, we define a notation mCOdust
for the integrated total dust mass up to mCOmax, the maximum
size (mass) of dust which still can evaporate its volatile organic
refractory mantle within the scale length since this term will be
frequently referred to later.
The critical temperature is dependent on the grain size,
porosity and its evaporation rate. With the lack of detailed data
on the specific chemical composition, and with the lack of de-
tailed knowledge on the vaporization process of the organic re-
fractory, it is impossible to precisely determine the vaporization
rate and thus the lifetime of comet dust. As a first approximation,
following Lamy & Perrin (1988), we calculate the vaporization
rate and the residence time scale of the volatile organic refrac-
tory and then derive the critical temperature as a function of
dust size and porosity. The sublimation enthalpy, approximated
by the bending energy, is taken to be 30 kcal/mole (Wallis et
al. 1987; Lamy & Perrin 1988). The resulting critical tempera-
tures are presented in Fig. 3 as a function of grain porosity for
a variety of grain sizes (masses). From Fig. 3 we can see that
the critical temperatures decrease with the increase of porosity
and with the decrease of grain size. This is easy to understand
because, for the grains with the same mass, the total surface area
exposed to the solar irradiation is proportional to (1-P)2/3 where
P is porosity. Thus the more fluffy the grain the faster its evap-
oration, leading to a lower critical temperature. For grains with
same porosity P, the smaller ones take a shorter time to evap-
orate, therefore the critical temperatures are lower for smaller
grains. The size and porosity dependent evaporation rate nat-
urally explains the wide range of the C/R values (the carbon
to rock-forming elements ratios) as shown by the Halley dust
mass spectra and the asymmetric shape of the C/R ratio his-
togram (Lawler & Brownlee 1992): the fact that smaller grains
more easily lose their organic mantles leads to the steeper dis-
tribution for low-carbon particles and the flatter distribution for
high-carbon particles.
4.3. The total amount of CO from dust and its implications
Now we compare the calculated comet dust temperatures with
the critical temperatures, through which we can place some con-
straints on dust size and porosity. Fig. 3 shows the calculated
comet dust temperatures as well as the critical temperatures as
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Fig. 3. Comparison of the calculated comet dust temperatures (thick
lines, cf. Fig. 1a) with the estimated critical temperatures (thin lines)
at 1 AU as a function of grain sizes (masses) and porosities (only for
mor/msi = 1). The lines in each set correspond to (from top downward)
10−12 g, 10−11 g, 10−10 g, 10−9 g, 10−8 g, 10−7 g, 10−6 g.
a function of porosity for a range of grain sizes (masses). It can
be seen from Fig. 3 that, all dust grains smaller than 10−10 g
are hotter than their corresponding critical temperatures in the
porosity range, P> 0.80. For those with a mass of 10−9 g, the
lower limit of their porosity is P' 0.86; namely, in order to evap-
orate all of their CO and/or CO containing compounds within
the scale length (13500 km), they can not be more compact than
P' 0.86; for 10−8 g, P≥ 0.95; for 10−7 g, P≥ 0.98; for 10−6 g,
even P' 0.99 is not high enough. Since in the dust size distribu-
tion (McDonnell et al. 1991), the bulk of the mass of dust (and
thereby of CO) resides in the larger particles, the constraints
on the larger grains (as large as possible) are more useful and
more suitable. For example, although for the grains with a mass
of 10−12 g, the porosity need not be very high in order to sat-
isfy the critical temperature condition, they only constitute a
minor portion in the total dust mass and thus contribute little to
the observed CO compared to the larger grains (say, 10−6 g).
It is also noteworthy that the 10µm silicate emission feature
predicted by such small grains is too sharp compared to the ob-
servation (Greenberg & Hage 1990). Furthermore, we know that
dust grains as large as 10−6 g exist in the outer coma, even be-
yond 8300 km, since they have been detected by the spacecrafts
Vega1 and Vega 2 (Mazets et al. 1987).
Now the question is how much CO can be provided by dust?
We can estimate the total amount of CO contributed by dust















where mCO/(mor)V is the mass fraction of CO in the volatile part
of the organic refractory; (mor)V/mor is the mass ratio of the
volatile organic refractory component to the full whole organic
mantle; mor/mdust is the mass fraction of the organic mantle in
an individual dust particle; mdust/mgas is the mass ratio of dust to
gas, approximated by the dust to gas production rate; mgas/mH2O
is the mass fraction of water vapor in the gas (the entire range of
volatile molecules including CO, CO2, H2CO, CH3OH, CH4,
NH3 etc. as well as H2O). Based on the discussions in the pre-
ceding sections, we adopt mCO/(mor)V = 16%, (mor)V/mor = 1/2,
mor/mdust = 1/2 (i.e., mor/msi = 1). The interstellar dust aggre-
gated comet nucleus model gives mgas/mH2O ' 1.4 (Green-
berg 1998). The question now is what is the possible dust to gas
production rate mdust/mgas? Note here mdust is actually mCOdust,
the integrated total dust mass up to mCOmax (see the definition in
Sect. 4.2). As discussed in Sect. 4.2, for a given grain poros-
ity, the upper limit of grain size (mass, mCOmax) can be provided
by the critical temperature constraint. On the other hand, for
a given dust mass, the dust to gas production rate can be in-
ferred from the McDonnell size distribution (see Fig. 14 of Mc-
Donnell et al. 1991). Thus, substituting the inferred mdust/mgas
value into Eq. 2, we can obtain the maximum CO production
rate Q
′
(CO)/Q(H2O). Fig. 4 presents the maximum CO pro-
duction rate predicted from the comet dust model as a func-
tion of porosity. As expected the Q
′
(CO)/Q(H2O) value in-
creases with the grain fluffiness. For the case of P = 0.80 (mCOmax
' 5× 10−10 g), Q′ (CO)/Q(H2O) is' 0.53%, while for P = 0.99
(mCOmax' 3× 10−7 g), Q
′
(CO)/Q(H2O) reaches' 1.3%, increas-
ing by a factor of > 2. However, the predicted absolute value is
still well below the detected number.
Since what is of interest here is the upper limit of the total
amount of CO, we should take all possible dust sources into
consideration. In other words, when we integrate the CO pro-
duction over a size distribution within which all the particles
satisfy the critical temperature condition, we should integrate up
to the largest grains since the dust mass is concentrated in larger
grains. Therefore, our attention should be concentrated on the
largest grains. As discussed before, grains larger than 10−6 g are
certainly too large (too cold) to evaporate their organic mantle
within the scale length limit, while, even for mCOmax = 10
−6 g, the
aggregates have to be extremely fluffy: P> 0.99, in order to be
acceptably heated. Furthermore, using the McDonnell size dis-
tribution (McDonnell et al. 1991) gives only mdust/mgas≈ 0.25
(mCOmax = 10
−6 g), so that the maximum ratio of CO to gas pro-
duction rate provided by this range of dust masses is only
Q
′
(CO)/Q(H2O) ≈ 1.4% – much less than the observed value
of 9%. As a matter of fact, in order to fully account for the ob-
served CO, Q
′
(CO)/Q(H2O)≈ 0.09, a dust to gas production
rate as high as 1.6 (mCOdust/mgas≈ 1.6) is required. According to
the McDonnell size distribution, a dust to gas production rate
J.M. Greenberg & A. Li: From interstellar dust to comets: the extended CO source in comet Halley 381
mCOdust/mgas = 1.6 corresponds to a maximum dust size (mass) of
mCOmax ≈ 1.9 × 10−2 g, in other words, all dust grains up to m
= 1.9× 10−2 g should be heated sufficiently to evaporate all of
their available CO bearing organics. Obviously, such giants (m
≤ 1.9× 10−2 g) will never be so hot!
One may suggest H2CO (Meier et al. 1993), and possibly
C3O2 (Huntress et al. 1991), or POM (polyoxymethylene, see
Huebner 1987), CH3OH, CO2 etc. as additional sources. How-
ever, as shown by Meier et al. (1993), the NMS detected H2CO
can not come directly from the nucleus, instead, it must also be
attributed to an extended source, most probably the dust grains
themselves. Abundance considerations may rule out the POM
assumption (Krankowsky & Eberhardt 1990) although labora-
tory ultraviolet photoprocessing of certain ice mixtures indeed
leads to the formation of POM (Bernstein et al. 1995). The C3O2
proposition (Huntress et al. 1991) was questioned by Crovisier
et al. (1991) based on the fact that the rather weak 4.45µm fea-
ture (the ν3 band of C3O2) in comet Halley indicates a very low
C3O2 production rate (Q(C3O2)/Q(H2O)≈ 0.0011) and thus
C3O2 may be excluded as a significant contributor to the dis-
tributed CO (however, see Allen 1991). As far as CH3OH and
CO2 are concerned, their scale lengths (∼ 3.9 × 104 km for
CH3OH and ∼ 2.5× 105 km for CO2, assuming a gas outflow
velocity of 0.5 km/s and adopting the photodestruction rates
listed in Table 5 of Crovisier 1998) show that neither CH3OH
nor CO2 can contribute to the distributed CO observed by Giotto.
It seems that the dust explanation encounters a severe prob-
lem in fully accounting for the large number of CO molecules.
A likely solution to this problem may be that the dust to gas
production rate (mdust/mgas) was underestimated in McDonnell
et al. (1991). The dust size distribution, on which the dust to
gas ratio was derived, was obtained by extrapolating the mea-
surements made from beyond 600 km to the nucleus surface.
However, it has been well established that dust fragmentation
occurred in the coma (in particular, in the near-nucleus inner
coma) both observationally (Vaisberg et al. 1986) and theoreti-
cally (Keller et al. 1990; Konno et al. 1993; Oberc 1996; Goidet-
Devel et al. 1997; etc.). Note that the bulk of the dust mass is
concentrated in larger grains so that the extrapolation could sub-
stantially underestimate the dust mass. Indeed, the intermediate
and large mass profiles obtained by the dust impact detection
system (DIDSY) on board the Giotto spacecraft, near its clos-
est encounter, show a steeper than 1/R2 (R is the distance from
the Halley nucleus) flux dependence at R < 2000 km (McDon-
nell et al. 1986). The resulting total dust mass is very sensitive
to the cumulative mass index as well as the largest grain size
(mass). Furthermore, after the larger particles rapidly fragment
into smaller ones (Konno et al. 1993), the smaller ones could
sublimate quickly so that they could have not been detected by
the spacecrafts beyond 600 km (for Giotto), 8890 km (for Vega
1), and 8030 km (for Vega 2). Moreover, the maximum liftable
grain size adopted by McDonnell et al. (1991) could also be
questionable since the more porous the aggregate, the higher
the maximum liftable dust mass (Gombosi 1986). The fact that
the actual density is much lower than the one adopted by Mc-
Donnell et al. (1991) could underestimate the maximum liftable
grain size and thereby underestimate the global dust to gas pro-
duction rate. Therefore it is reasonable to believe that the dust
to gas release rate may have been underestimated, in particular,
in the smaller size range. Here we shall not quantitatively inves-
tigate the radial dependence of the dust to gas production rate
further, due to the lack of full knowledge of the comet nucleus
surface activity, dust fragmentation, etc. We note here that it is
possible that there still exist a certain number of larger grains
(m≤ 10−6 g) beyond the CO source scale length (∼ 13500 km)
and these dust grains are still fragmenting into smaller ones
which are hot enough to evaporate their volatile organic mantle
and hence add some CO. However, since the largest dust grains
which constitute the bulk of dust mass have already finished
fragmenting within the inner coma, say, 6000 km away from
the nucleus surface (e.g., Goidet-Devel et al. 1997), the total
CO from the fragmented grains beyond the scale length is neg-
ligible, so that the CO intensity times R2 stays constant up to
the very outer coma where the photodissociation of CO can not
be neglected any more.
An alternative solution lies in the observed CO abundance
itself. In deriving the CO production rate for the distributed
component, two basic assumptions were made: the outflow of
gas and dust in the coma from the nucleus is spherically sym-
metrical and temporally invariant. However, if Giotto crossed
several dust jets and/or gas jets which contain enhanced CO
and H2CO (but not H2O) at a distance where the distributed CO
source peaks, then the previously derived CO production rate
for the distributed component could have been overestimated.
In addition, the outgassing in comet Halley is highly anisotropic
since a large fraction of its nucleus surface was covered by inert
crust materials. Thus the temporal invariant assumption may not
be valid. Based on their hydrodynamic simulation, Crifo & Ro-
dionov (1997) showed that the spatial variation of the CO abun-
dance may be explained in terms of the different CO production
rate of the night-side outer coma with the day-side outer coma.
According to them, no distributed CO sources, either grains or
parent molecules, are required.
In the above discussions, we have only considered the case
with equal average mass for the silicate core and the organic re-
fractory mantle (mor/msi = 1). As dust grains flow out from the
nucleus, their mantles gradually get eroded through evaporation.
Thus there exists the possibility that, within a size distribution,
the mass fraction of the mantle also has a wide range of values,
ranging from 1/2 (or a bit higher), the original value (Kissel
& Krueger 1987; Krueger & Kissel 1987), to 0. As shown in
Sect. 3, the grain temperature decreases with the reduction of
the mantle thickness. Thus, in order to satisfy the critical tem-
perature condition, the constraint is even more restrictive: the
comet dust should be either smaller or more fluffy than their
counterparts with the same mass but thicker interstellar dust
mantles. As illustrated in Fig. 4, the maximum CO production
rates Q
′
(CO)/Q(H2O) contributed by dust for mor/msi = 1/2 and
mor/msi = 1/5 are much less than those for mor/msi = 1.
The scale length of the extended CO source adopted here is
13500 km, smaller than the one (20000 km) adopted by Eber-
hardt et al. (1987). Although we consider 13500 km as more
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Fig. 4. The maximum CO production rate provided by comet dust
as a function of grain porosity. Triangles – mor/msi = 1; squares –
mor/msi = 1/2; hexagons – mor/msi = 1/5. The dotted line gives the ob-
served abundance of distributed CO.
reasonable if one takes the scatter of the data beyond 15000 km
into account, the number 20000 km of Eberhardt et al. (1987)
is also within the observational uncertainties and thus we can
not exclude it. We have also tried a case with 20000 km as the
scale length and found that the corresponding critical temper-
ature constraint could be relaxed a little. However, the general
conclusion, i.e., that the dust should be very fluffy, was not
affected. For example, the porosity constraint now becomes:
for mCOmax = 10
−9 g, P≥ 0.84; for mCOmax = 10−8 g, P≥ 0.94; for
mCOmax = 10
−7 g, P' 0.98; for dust grains with a mass higher
than 10−6 g, they are still too cold to evaporate.
Since the exact composition of the organic refractory com-
ponent, the detailed vaporization process, the precise mecha-
nism on how CO is produced from grains (either from the direct
sublimation from grains or from the photodissociation of par-
ent molecules released from the grains) are all poorly known,
it is difficult to determine an accurate evaporation rate and to
strictly constrain the critical temperature. The calculation car-
ried out by Lamy & Perrin (1988) and by ourselves, is based
on the assumption that CO is directly sublimated from the grain
mantle or comes from its parent molecules which have been
quickly photodissociated on the mantle so that the photodisso-
ciation time scales of its parents do not need to be taken into
account. The actual process could be different, for example, the
presence of the non-nucleus H2CO indicates that the CO con-
taining complex molecules may have not been completely dis-
sociated in the mantle but are more probably first released from
the mantle and then fragment into daughter molecule species.
However, Combi & Fink (1997) argue that a direct release from
the mantle rather than from a released parent molecule is more
favorable based on an extensive investigation of the C2 spatial
distribution of a set of comets. We stress that our modeling on the
mantle vaporization is a rough approximation. A more realistic
model should simultaneously consider the dust fragmentation,
the evaporation of dust mantle, and the release and photodis-
sociation of its parent molecules (even grandfather molecules).
The lack of appropriate data on these restricts us from a detailed
investigation. In any case, an upper limit on grain temperature
can not exceed ∼ 500 K, otherwise the organic residues can
not survive as shown by laboratory experiments (Greenberg &
d’Hendecourt 1985). It is interesting to note that our results are
approximately consistent with those of Wallis et al. (1987) for
kerogen, the insoluble components of organic residues on earth
(see Table 1 in Wallis et al. 1987) which they considered as an
analog to the organic material in carbonaceous chondrites and
interstellar grains. In summary, we conclude that our simple
approach to the critical temperature and to the grain evapora-
tion process is certainly qualitatively suitable, if not completely
quantitative, for deducing the general capability of the comet
dust aggregates to thermally dissociate and provide a potential
source for the distributed cometary gas species.
5. Organic mantle as a source for other gas species
The radial profile of H2CO determined from measurements
made by the NMS on board Giotto indicates an extended source
(Meier et al. 1993) which could also come from the evapora-
tion of the organic mantle. In addition to CO and H2CO, the
organic mantle could also contribute to the cometary C2, C3,
CN etc. molecules. UV irradiation of ice mixtures analog to in-
terstellar ices indeed clearly indicates the formation of C ≡ N,
C2, C3 containing complex molecules (Briggs et al. 1992; Bern-
stein et al. 1995). On the other hand it is proposed that the gas
molecules C2H2 and C2H6 recently detected in comet Hyaku-
take and comet Hale-Bopp could also be responsible for C2
through a three-generation photodissociation process (Sorkhabi
et al. 1997). The spatial profiles of C2 in the inner coma of
comets (< 104 km) including comet Halley show a flatter dis-
tribution than can be predicted by direct outflow from the nu-
cleus or by a two-generation photodissociation model. A recent
investigation by Combi & Fink (1997) further showed that a
three-generation model, with the physically suitable eject ve-
locities of daughter fragments included, also could not improve
the fit. Instead, they found that the model with C2 directly re-
leased from grains can better explain the heliocentric distance
dependence as well as the flat spatial profile. Thus they con-
cluded that “it appears that C2 can be produced predominantly
from the vaporization (or thermal dissociation) of small super-
heated (∼ 500 K) CHON grains” (cf. Combi & Fink 1997). It
is likely that the C2 containing compounds are mostly concen-
trated in the more refractory fraction of the mantle compared
to the CO compounds (Briggs et al. 1992). This is qualitatively
consistent with the results of Combi & Fink (1997) that the scale
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length of the C2 source is much larger than that of the extended
CO source. Note the observed abundance of the C2 radical is
much less than that of CO. In order to identify the C2 origin,
much work on the heliocentric distance variation as well as the
spatial radial distribution of C2 in the coma remains to be done.
An extensive long-term narrow-band photometry survey of
85 comets made by A’Hearn and his colleagues showed that
CN is predominantly produced from the dust grains in the
coma, and C2 is produced partially from the dust grains and
partially directly from the nucleus (A’Hearn et al. 1995). How-
ever, this does not mean that the refractory organics are solely
responsible for the CN radical. At large heliocentric distance
(rH) where the comet dust grains are too cold to sublimate, the
CN bearing molecules, sublimated from the volatile ice man-
tles coated on the silicate core-organic refractory mantle par-
ticles, such as HCN, HNC, HC3N, CH3CN etc. which have
been seen in comets are responsible for CN. It is not surpris-
ing that, in comet Hale-Bopp, in the heliocentric distance range
2.9 AU< rH <4.6 AU, HCN alone can explain the observed
CN, no additional sources being required (Rauer et al. 1997).
A direct proof of dust grains as a source for CN, C2 and C3 is
the detection of the CN, C2, C3 jets in comet Halley at 1 AU
(A’Hearn et al. 1986a, 1986b; Clairemidi et al. 1990). The large
spatial extension and the long temporal endurance of these jets
could only be understood in terms of a dust origin for the jets,
otherwise the jets (with a gaseous origin) will quickly diffuse
due to the collisions between the molecules. A detailed model-
ing of the CN jets by Klavetter & A’Hearn (1994) indeed led to
a dust origin.
6. Conclusion
The organic refractory interstellar dust grain mantles studied
by laboratory analog methods appear to provide a reasonable
match to the stoichiometric distribution of the elements ob-
served in comet Halley dust mass spectra. The volatility and
the CO-producing ability of comet dust are discussed. Although
the exact chemical composition of the organic refractory ma-
terial and the precise mechanism of how CO is produced from
dust mantles are still poorly known, the upper limits of the total
amount of CO provided by dust can be approximately deter-
mined as a function of porosity based on the constraint provided
by the dust thermal properties, assuming that the laboratory or-
ganics are representative of comet dust organics in terms of the
mass fraction containing CO groups. We found that the maxi-
mum CO production rate predicted by the comet dust model is
much less than the observed abundance of distributed CO if the
commonly accepted McDonnell comet dust size distribution is
employed. While the McDonnell size distribution was derived
on the basis of the in situ detection within the zone from 600 km
to 20,000 km away from the comet Halley nucleus, in the light
of efficient dust fragmentation and sublimation in the innermost
coma, the dust to gas ratio could have been underestimated in
the McDonnell size distribution. It is also possible that the CO
production rate for the distributed component derived from ob-
servation was overestimated by using a spherically symmetrical
distribution which does not take into account the possible con-
tamination caused by jets and the anisotropic outgassing. At this
point no firm conclusions regarding the accurate grain porosity
and size can be drawn, but it is obvious that, in order to maxi-
mize the theoretical CO production rate provided by comet dust,
the organic refractory mantle and high porosity are required.
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